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Paclitaxel drives TREM2+ macrophage
expansion underlying its inferior therapeutic
efficacy compared to Nab-paclitaxel

Yuqi Xing1,2,3, Ruiqi Zhong 4,5, Qianchen Li1,2,3, Xinwei Duan1,2,3, Moyang Xu4,5,
Miao Yu1,2,3, Chenying Liu6, Junming He1,2,3, Yi Sun1,2,3, Yunling Wang7,
Xiaojing Guo6 , Yunfei Xu 8 , Hongnan Mo 4,5 , Fei Ma 4,5 ,
Hongquan Zhang 1,2,3,9 & Jun Zhan 1,2,3

Paclitaxel and nab-paclitaxel differ in therapeutic efficacy and modulation of
the tumor immunemicroenvironment, yet themolecular basis remains poorly
defined. Here, based on ameta-analysis, we first show that treatment with nab-
paclitaxel results in a higher overall response rate and pathological complete
response compared to paclitaxel in female patients with breast cancer. Nota-
bly, TREM2 expression in macrophages is elevated in primary tumors of
paclitaxel- but not nab-paclitaxel-treated female patients. In metastatic breast
cancer, TREM2+ macrophage infiltration is increased in primary tumors. In
breast cancer models in female mice, paclitaxel, but not nab-paclitaxel, pro-
motes lung metastasis by recruiting TREM2+ macrophages to primary tumors.
Mechanistically, paclitaxel enhances the ATF3-FGF2 axis in breast cancer cells;
secreted FGF2 activates the EGR1-TREM2-EMT cytokine axis in macrophages.
Genetic ablation of Trem2 or pharmacologic targeting with antisense oligo-
nucleotides suppress paclitaxel-induced breast cancer lungmetastasis in vivo.
Collectively, our findings demonstrate that paclitaxel, but not nab-paclitaxel,
stimulates TREM2 expression and expands TREM2+ macrophages, suggesting
that TREM2 targeting could enhance paclitaxel efficacy while limiting
metastasis.

Breast cancer is the most frequently diagnosed malignancy and the
leading cause of cancer-related mortality among women worldwide1,2.
Taxanes, including paclitaxel (PTX) and nab-paclitaxel (Nab-PTX),
remain first-line chemotherapeutic agents, with Nab-PTX comprising

PTX bound to albumin nanoparticles3,4. By exploiting the endogenous
albumin transport pathway, Nab-PTX enhances tumor-specific drug
delivery, increasing intratumoral drug concentration and potentiating
antitumor effects5. Nab-PTX demonstrates efficacy even in patients

Received: 20 June 2025

Accepted: 26 January 2026

Check for updates

1School of BasicMedical Sciences, PekingUniversity HealthScienceCenter, Beijing, China. 2PekingUniversity International Cancer Institute, PekingUniversity
Health Science Center, Beijing, China. 3State Key Laboratory ofMolecular Oncology, Peking University Health ScienceCenter, Beijing, China. 4Department of
Medical Oncology, National Cancer Center/National Clinical ResearchCenter for Cancer/Cancer Hospital, Chinese Academy ofMedical Sciences andPeking
Union Medical College, Beijing, China. 5State Key Laboratory of Molecular Oncology, National Cancer Center/National Clinical Research Center for Cancer/
Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China. 6Department of Breast Cancer Pathology and
Research Laboratory, Tianjin Medical University Cancer Institute & Hospital, Tianjin, China. 7Institute of Cardiovascular Research, Peking University Health
Science Center, Beijing, China. 8Department of General Surgery, Qilu Hospital, Cheeloo College of Medicine, Shandong University, Jinan, Shandong, China.
9Tianfu Jincheng Laboratory (Frontier Medical Center), Chengdu, Sichuan, China. e-mail: guoxiaojing@tjmuch.com; xuyunfei1988@126.com;
mhnzlyynk@outlook.com; drmafei@126.com; Hongquan.Zhang@bjmu.edu.cn; Zhanjun@bjmu.edu.cn

Nature Communications |         (2026) 17:2272 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-3153-4027
http://orcid.org/0000-0002-3153-4027
http://orcid.org/0000-0002-3153-4027
http://orcid.org/0000-0002-3153-4027
http://orcid.org/0000-0002-3153-4027
http://orcid.org/0000-0002-0580-7116
http://orcid.org/0000-0002-0580-7116
http://orcid.org/0000-0002-0580-7116
http://orcid.org/0000-0002-0580-7116
http://orcid.org/0000-0002-0580-7116
http://orcid.org/0000-0002-2887-7985
http://orcid.org/0000-0002-2887-7985
http://orcid.org/0000-0002-2887-7985
http://orcid.org/0000-0002-2887-7985
http://orcid.org/0000-0002-2887-7985
http://orcid.org/0000-0001-9432-1902
http://orcid.org/0000-0001-9432-1902
http://orcid.org/0000-0001-9432-1902
http://orcid.org/0000-0001-9432-1902
http://orcid.org/0000-0001-9432-1902
http://orcid.org/0000-0001-8193-0899
http://orcid.org/0000-0001-8193-0899
http://orcid.org/0000-0001-8193-0899
http://orcid.org/0000-0001-8193-0899
http://orcid.org/0000-0001-8193-0899
http://orcid.org/0000-0002-6034-840X
http://orcid.org/0000-0002-6034-840X
http://orcid.org/0000-0002-6034-840X
http://orcid.org/0000-0002-6034-840X
http://orcid.org/0000-0002-6034-840X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-69060-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-69060-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-69060-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-69060-5&domain=pdf
mailto:guoxiaojing@tjmuch.com
mailto:xuyunfei1988@126.com
mailto:mhnzlyynk@outlook.com
mailto:drmafei@126.com
mailto:Hongquan.Zhang@bjmu.edu.cn
mailto:Zhanjun@bjmu.edu.cn
www.nature.com/naturecommunications


with disease progression following prior PTX therapy6,7. However, the
comparative clinical benefits of Nab-PTX versus PTX remain
controversial.

Our recent study has revealed thatNab-PTX remodels themyeloid
compartment, expanding mast cells and pro-inflammatory macro-
phages, which synergize with immune checkpoint blockade (ICB) to
enhance therapeutic efficacy. In contrast, PTX promotes an immuno-
suppressive environment by increasing populations of exhausted
CD8⁺ T cells, regulatory T cells (Tregs), and suppressivemacrophages,
which may underlie its limited clinical effectiveness8. In addition,
murine studies report that PTX can promote breast cancer lung
metastasis through extracellular vesicles9 or by enhancing host
angiogenesis10–14. However, the precise mechanisms by which PTX
actively reshapes the tumor immune microenvironment toward a
suppressive state remain unclear.

Triggering receptor expressed on myeloid cells-2 (TREM2) is a
single-pass transmembrane immune receptor expressed on myeloid
cells and implicated in multiple cancers. Its role appears context-
dependent, exhibiting both tumor-promoting and tumor-suppressing
functions15–18. Notably, TREM2+ macrophages are enriched at invasive
margins of breast tumors in patients and murine models19, suggesting
a potential contribution to breast cancer lung metastasis. TREM2
depletion or blockade has been reported to enhance checkpoint
immunotherapy efficacy by potentiating T cell responses15. Previously,
we demonstrated that PTX impairs the expansion of CXCL13-
expressing T cells, thereby limiting checkpoint immunotherapy out-
comes in patients with breast cancer8,20. We therefore hypothesized
that TREM2may underlie the poor therapeutic efficacy associatedwith
PTX treatment, and sought to determine whether PTX modulates
TREM2+ macrophages and whether Nab-PTX operates via a distinct
mechanism.

Here, we show that PTX, but not Nab-PTX, induces the expansion
of TREM2+ macrophages, promoting lung metastasis in murine breast
cancer models. Meta-analysis confirms that PTX exhibits inferior
antitumor efficacy compared with Nab-PTX in patients with breast
cancer. Mechanistically, PTX activates the ATF3-FGF2 axis in tumor
cells, which triggers an EGR1–TREM2–EMT cytokine axis in macro-
phages. Targeting TREM2 attenuates PTX-driven metastasis and
enhances therapeutic responses. These findings reveal a specific pro-
metastatic effect of PTX and suggest that combining PTX with TREM2-
targeted therapy could improve clinical outcomes.

Results
TREM2+ macrophages infiltrate breast cancer tissues of patients
treated with PTX but not Nab-PTX
Accumulating clinical evidence highlights distinct efficacy profiles
between PTX and Nab-PTX6–8,20. To quantitatively compare their anti-
tumor efficacy, we systematically searched PubMed, Embase, and the
Cochrane Library, identifying 2,833 candidate studies. The literature
search and selection process aredetailed in Supplementary Fig. 1. After
rigorous abstract screening and full-text review to remove duplicates
and ineligible studies (Supplementary Fig. 2), 17 studies comprising
6,486 patients were included (Supplementary Tables 1 and 2). A
comprehensive overview of the study characteristics, including the
year of the latest published results, is presented in Supplementary
Table 3. These consisted of eight randomized controlled trials (RCTs),
four retrospective studies, one single-arm clinical trial, and four cohort
studies21–43.

Among 4,171 patients from 11 studies with available objective
response rate (ORR) data, Nab-PTX treatment yielded a significantly
higher ORR than PTX (OR 1.42, 95% CI 1.01–2.00; I2 = 70%) (Fig. 1a).
Sensitivity analysis confirmed robustness of the results (Supplemen-
tary Fig. 3). Subgroup analyses by line of therapy, disease stage, and
study design (Supplementary Figs. 4–6) indicated that heterogeneity
inORRprimarily arose from studies including later-line treatments and

advanced disease. Nab-PTX demonstrated a pronounced efficacy
advantage in later-line patients. Progression-free survival (PFS) analysis
in advanced-disease patients showed no overall difference (HR 0.91;
95% CI 0.78–1.07), but subgroup analysis revealed significantly pro-
longed PFS with Nab-PTX in later-line therapy (HR 0.77; 95% CI
0.65–0.91), consistent with ORR findings (Supplementary Figs. 7–9).

Seven studies (3829 patients) provided pathological complete
response (pCR) data using the ypT0/is ypN0 definition44,45. Patients
receiving Nab-PTX-containing neoadjuvant therapy exhibited a 9.1%
higher pCR rate than those receiving PTX (OR 1.69, 95% CI 1.38–2.06;
I2 = 28%) (Fig. 1b). Sensitivity analysis revealed that the findings were
unaffected after each studywas sequentially excluded (Supplementary
Fig. 10). Subgroup analysis indicated that heterogeneity primarily
arose from study design differences (Supplementary Fig. 11). Collec-
tively, these data demonstrate that PTX exhibits inferior antitumor
efficacy relative to Nab-PTX in patients with breast cancer.

Our previous scRNA-seq study indicated that PTX treatment
increases infiltration of immunosuppressive TREM2+ macrophages in
primary breast tumors20. To investigate differential effects of PTX and
Nab-PTX on TREM2+ macrophages, we analyzed our previously pub-
lished scRNA-seq dataset8, which included 7 PTX-treated and 12 Nab-
PTX-treated patients (Fig. 1c). Tumors from PTX-treated patients
showed a significant increase in TREM2+ macrophages compared with
Nab-PTX-treated tumors (Fig. 1d, e and Supplementary Fig. 12a).
Cluster-specific analysis revealed elevated TREM2 expression in
CCL3L1, FOLR2, FTH1, IL1B, ISG15, MT1X, NUPR1, and RNASE1 macro-
phages in PTX-treated tumors (Fig. 1f), suggesting that selective
expansion of these cells contributes to the reduced therapeutic effi-
cacy of PTX relative to Nab-PTX.

To validate these findings in patient tissues, we performed
immunofluorescence co-staining against the macrophage marker
CD68 and TREM2 on primary tumor samples from 20 patients (5 per
treatment group). Consistent with the sequencing data, PTX-treated
tumors exhibited a significantly higher density of TREM2+ macro-
phages than Nab-PTX-treated tumors (Fig. 1g, h; Supplementary
Figs. 12b, c and Supplementary Table 5). High TREM2 expression cor-
related with reduced overall survival in patients receiving che-
motherapyor endocrine therapy (Supplementary Fig. 12d). In addition,
another cohort of immunofluorescence co-staining of tumors from 12
PTX-treated and 16 untreated patients further confirmed PTX-induced
TREM2 upregulation (Supplementary Figs. 12e, f and Supplementary
Table 6). scRNA-seq of orthotopic tumors in mice recapitulated these
observations, showing increased TREM2+ macrophages following PTX
treatment (Supplementary Figs. 13a–i). Collectively, these data suggest
that PTX-induced expansion of TREM2+ macrophages may underlie its
limited antitumor efficacy.

PTX-induced TREM2+ macrophages associate with lung
metastasis
Metastasis is a leading cause of treatment failure and mortality in
breast cancer46,47. TREM2+ macrophages have been reported at inva-
sive margins of lung metastases19. To investigate the association
between TREM2+ macrophage infiltration and lung metastasis in
patients, we performed immunofluorescence co-staining of primary
tumors from patients with (n = 5) or without (n = 5) lung metastases.
The results confirmed significantly elevated TREM2+ macrophage
infiltration in metastatic cases (Fig. 2a, b, Supplementary Fig. 14a and
Supplementary Table 7). In addition, immunofluorescence co-staining
in a larger cohort (n = 35 metastatic, n = 105 non-metastatic) corrobo-
rated these results (Supplementary Figs. 14b, c and Supplementary
Table 8). Multivariate regression, stratified by tumor subtype, showed
that metastasis was significantly associated with higher TREM2+ mac-
rophages in Luminal B,HER2+ and triple-negative breast cancer (TNBC)
(Supplementary Table 9). Tissuemicroarray analysis further confirmed
elevated TREM2 levels in macrophages from metastatic patients
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(Supplementary Figs. 14d, e). Additional analyses controlling for lymph
node positivity demonstrated that this factor independently predicted
increasedTREM2+macrophages in Luminal A, HER2+ andTNBC tumors
(Supplementary Tables 10, 11). Collectively, these data establish a

robust clinical link between elevated TREM2+ macrophages and breast
cancer metastasis.

To test whether TREM2+ macrophages contribute to reduced
efficacy observed in PTX treatment, we treated orthotopic 4T1 tumor-

Fig. 1 | PTX but not Nab-PTX induces TREM2+ macrophage infiltration in breast
cancer tissues. a Pooled efficacy comparisons of ORR in patients who received
Nab-PTX versus PTX in breast cancer therapy. The blue boxes signify the effect size
for each individual study, with their size reflective of the weight assigned to each
study in the analysis. The whiskers extending from each blue box delineate the 95%
confidence interval (CI) for the effect size of the respective study. The odds ratio
(OR) was calculated using a random-effects model. Statistical significance was
assessed by a two-sided test, with P <0.05 considered statistically significant.
b Pooled efficacy comparisons of the pCR in patients who received Nab-PTX versus
PTX in breast cancer therapy. The blue boxes signify the effect size for each indi-
vidual study, with their size reflective of the weight assigned to each study in the
analysis. The whiskers extending from each blue box delineate the 95% confidence
interval (CI) for the effect size of the respective study. The odds ratio (OR) was
calculated using a random-effects model. Statistical significance was assessed by

two-sided test, with P <0.05 considered statistically significant. c Schematic of
experimental design for patient samples. Created in BioRender. Xing, Y. (2026)
https://BioRender.com/nsp747pdUMAPplot and bar graph showing identified cell
clusters of infiltrated macrophages of breast cancer patient tissues with indicated
treatment and their proportion in the indicated groups. e Box plots showing the
TREM2 expression levels in macrophage subsets across the indicated experimental
groups. Two-sided Wilcoxon test. In the box plots, the center line corresponds to
the median, box corresponds to the interquartile range (IQR), and whiskers
1.5 × IQR. f Violin-box plots showing the TREM2 expression levels in identified cell
clusters of infiltrated macrophages using the scRNA-seq data. g Representative
immunofluorescence staining of tissues from patients who received PTX treat-
ments or not. h Representative immunofluorescence staining of tissues from
patients who received Nab-PTX treatments or not. ns, not significant. Source data
are provided as a Source Data file.
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Fig. 2 | PTX but not Nab-PTX promotes lung metastasis and increases TREM2+

macrophage infiltration in breast cancer in mice. a Representative immuno-
fluorescence staining of tissues from patients with and without lung metastases.
b Quantification of TREM2-expressing macrophages in tissues from patients with
and without lung metastases (n = 5 patients per group). c Schematic of the
experimental design in 4T1-Luc breast-tumor-bearing mice treated with DMSO or
PTX. Created in BioRender. Xing, Y. (2026) https://BioRender.com/nsp747p
d Representative in vivo bioluminescence images of mice that received the indi-
cated treatments (n = 5 mice per group). e Representative bright-field images (left)
and hematoxylin and eosin (H&E) staining (right) of lungs from mice injected
orthotopically with 4T1-Luc cells and treated as described in (c) (n = 5 mice per
group). f Quantification (right) of the total numbers of lung-surface metastases
(n = 6 mice per group). g Representative flow cytometry analysis showing a histo-
gram (left) and quantification (right) of the proportion of TREM2-expressing
macrophages in tumors (n = 3 mice per group). h Representative immuno-
fluorescence staining of tumors in mice that received the indicated treatments.

i Schematic of Nab-PTX treatment in Py8119 breast tumor-bearing mice. Mice were
intraperitoneally injected with DMSO, PTX, PBS, or Nab-PTX at the indicated times.
Created in BioRender. Xing, Y. (2026) https://BioRender.com/nsp747p
jPhotographs (left) of tumors inmice that received the indicated treatments onday
14. Tumorweights (right) ofmice that received the indicated treatments (n = 6mice
per group).kTumor volumes (right) ofmice that received the indicated treatments
(n = 6miceper group). lRepresentative bright-field images (left) of lungs frommice
that received the indicated treatments. Quantification of the total numbers of lung-
surface metastases is shown (right) (n = 6 mice per group).m Representative H&E-
stained images of lungs from mice that received the indicated treatments.
n, o Representative flow cytometric analysis of pseudo-color plots (n) and quan-
tification (o) showing the proportion of TREM2-expressingmacrophages in tumors
(n = 4 mice per group). Data are shown as means ± S.D. and were analyzed by two-
sided unpaired Student’s t test (b, f and g), two-sided one-way ANOVA followed by
Tukey’s test (j, l and o) and two-sided two-way ANOVA followed by Tukey’s test (k).
Source data are provided as a Source Data file.
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bearing mice with PTX (9mg/kg) or vehicle every two days for five
doses (Fig. 2c). PTX suppressed primary tumor growth (Fig. 2d and
Supplementary Figs. 15a, b) but paradoxically increased lung metas-
tases (Fig. 2e, f). Flow cytometry and immunofluorescence confirmed
increased TREM2+ macrophages in PTX-treated tumors (Fig. 2g, h;
Supplementary Fig. 15c, d). MMTV-PyMT mice treated similarly
exhibited suppressed tumor growth, enhanced lung metastasis, and
increased tumor-associated TREM2+ macrophages (Supplementary
Figs. 15e–k, 32a), along with elevated TREM2+ macrophages in per-
ipheral blood, suggesting bone marrow recruitment (Supplementary
Figs. 15l, 32b). These findings demonstrate that PTX promotes metas-
tasis in concert with TREM2+ macrophage expansion.

We next compared PTX and Nab-PTX (both 9mg/kg) in mouse
models (Fig. 2i). Both treatments suppressed primary tumor growth
similarly (Fig. 2j, k), but Nab-PTX did not promote lung metastasis
(Fig. 2l, m) or induce TREM2+ macrophages (Fig. 2n and o and Sup-
plementary Fig. 15m). Nab-PTX efficacy was comparable in Trem2+/+

and Trem2−/− mice without pro-metastatic effects (Supplementary
Figs. 16a–c). These results indicate that the superior therapeuticprofile
of Nab-PTX over PTX stems not from increased tumoricidal potency,
but from its inability to induce TREM2+ macrophage-dependent lung
metastasis.

TREM2+ macrophages are required for PTX-promoted lung
metastasis in breast cancer
To determine whether TREM2 is essential for PTX-promoted lung
metastasis, Py8119 tumor-bearing Trem2+/+ and Trem2−/− mice were
treated with PTX or vehicle (DMSO) intraperitoneally every two days
for five doses (Fig. 3a). In Trem2+/+ mice, PTX significantly suppressed
primary tumor growth yet paradoxically increased lung metastases
relative to DMSO controls. In contrast, Trem2−/− mice exhibited similar
tumor suppression by PTX but no increase in lung metastasis, with
metastatic burden comparable between PTX and DMSO groups
(Fig. 3b–e). Flow cytometry confirmed a higher proportion of TREM2⁺
macrophages in primary tumors and peripheral blood of PTX-treated
Trem2+/+ mice compared to controls (Fig. 3f–h; Supplementary
Figs. 32a, b). To investigate the relevance of TREM2 in inducing
metastasis, we utilized a B16 melanoma model. TREM2 promoted
metastasis in a TREM2-dependent manner (Supplementary
Figs. 17a–c), suggesting a pro-metastatic function of TREM2 extending
beyondbreast cancer. Collectively, these results indicate that TREM2 is
required for PTX-induced lung metastasis.

Given TREM2expression ondiversemyeloid populations,wenext
assessed whether TREM2⁺ macrophages specifically drive metastasis.
A co-implantationmodel was established by injecting Py8119 cells with
bone-marrow-derived macrophages (BMDMs) into mice, generating
tumors enriched in TREM2⁺ macrophages (Fig. 3i). In Trem2−/− host
mice, co-implantation with Trem2−/− BMDMs resulted in significantly
reduced tumor growth compared to Trem2+/+ BMDMs (Fig. 3j, k).
Consistently, lung metastasis was significantly attenuated in mice
receiving Trem2−/− BMDMs (Fig. 3l and Supplementary Fig. 17d). This
requirement for TREM2 in BMDMs to drive metastasis was further
confirmed in Trem2+/+ host mice (Supplementary Figs. 17e–i). In vitro,
conditioned medium (CM) from Trem2+/+ BMDMs significantly
enhanced Py8119 cell migration and invasion compared to Trem2−/−

BMDM medium (Supplementary Figs. 17j, k). These data collectively
demonstrate that TREM2⁺macrophages are essential for PTX-induced
lung metastasis.

Targeted ASO-mediated Trem2 knockdown suppresses PTX-
promoted lung metastasis
Based on the established role of TREM2 in PTX-inducedmetastasis, we
tested whether targeted knockdown couldmitigate this effect. Trem2-
targeting antisense oligonucleotides (ASOs) or inactive ASOs were

administered to Py8119 tumor-bearing mice in combination with PTX
(Fig. 4a and Supplementary Figs. 18a–f and 31). Co-treatment with PTX
and Trem2 ASOs significantly enhanced primary tumor suppression
compared to PTX alone, ASOs alone, or PTX with inactive ASOs
(Fig. 4b, c). Critically, Trem2ASOco-treatment abrogated PTX-induced
lung metastasis, markedly reducing metastatic burden relative to PTX
plus inactive ASOs (Fig. 4d, e). This combination also extended survival
without significant weight loss or overt organ toxicity (Fig. 4f and
Supplementary Figs. 18g, h). These findings demonstrate that ASO-
mediated TREM2 inhibition uncouples the antitumor from the pro-
metastatic effects of PTX, thereby enhancing its therapeutic efficacy.

PTX elevates TREM2 expression in macrophages via cancer cell-
derived FGF2
To determine how PTX upregulates TREM2 in macrophages, we first
assessed whether direct PTX exposure alters macrophage TREM2
levels. Neither flow cytometry nor western blot detected significant
changes following direct PTX treatment compared to vehicle controls
(Fig. 5a–c and Supplementary Figs. 19a and 32c), indicating that PTX
does not act directly onmacrophages.We therefore hypothesized that
paracrine factors from the tumor microenvironment (TME) mediate
the observed increase in TREM2, consistent with reports that tumor-
resident macrophages are responsive to cancer cell-derived
factors48–50.

To test this, we treatedmacrophages with CM from breast cancer
cells pre-exposed to PTX or DMSO (Fig. 5d). CM from PTX-treated
cancer cells significantly increased TREM2expression inmacrophages,
including BMDMs, confirming this effect in primary cells (Fig. 5e, f;
Supplementary Figs. 19b–f and32c).MembraneTREM2expressionwas
also elevated upon exposure to CM from PTX-treated cells (Fig. 5g and
Supplementary Fig. 19g). Notably, Nab-PTX CM did not induce TREM2
upregulation inmacrophages (Fig. 5h, i and Supplementary Figs. 19h, i,
and 32c).

To identify the paracrine factor driving TREM2 induction, we
performed a proteome cytokine array on CM from PTX- versus Nab-
PTX-treated cancer cells. Cytokine arrays identify secreted chemo-
kines and growth factors that modulate neighboring cells within
tumors49,51,52. Among the candidates, fibroblast growth factor 2 (FGF2)
was selectively and markedly upregulated in CM from PTX-treated
cancer cells relative to DMSO controls. In contrast, Nab-PTX did not
enhance FGF2 secretion (Fig. 5j), implicating PTX-specific FGF2
induction in macrophage TREM2 upregulation. Recombinant FGF2
alone was sufficient to robustly elevate TREM2 in macrophages
(Fig. 5k, l and Supplementary Figs. 19j and 32c). Conversely, pre-
incubation of PTX CM with a neutralizing FGF2 antibody effectively
blocked TREM2 induction in both Raw264.7 cells and BMDMs
(Fig. 5m–o and Supplementary Figs. 19k and 32c). To confirm these
findings in vivo, multiplex immunofluorescence of primary tumors
from PTX-treated mice demonstrated pronounced co-upregulation of
TREM2 and FGF2, whereas Nab-PTX-treated tumors exhibited no
appreciable changes (Fig. 5p and Supplementary Fig. 20).

To establish the functional importance of the FGF2/FGFR axis in
PTX-driven metastasis, tumor-bearing mice were co-treated with an
FGFR inhibitor (IGR) and PTX (Supplementary Fig. 21a). Co-
administration of IGR significantly reduced both primary tumor
growth and lung metastases compared with PTX alone (Supplemen-
tary Figs. 21b, c), accompanied by a marked decrease in tumor-
infiltrating TREM2⁺ macrophages (Supplementary Figs. 21d and 32c).
In vitro, FGFR inhibition abrogated TREM2 upregulation in Raw264.7
cells and BMDMs exposed to PTX CM (Supplementary Figs. 21e, f, and
32c). Together, these results demonstrate that PTX but not Nab-PTX
elicits FGF2 secretion from cancer cells, which acts through FGFR
signaling to elevate TREM2 expression on macrophages and drive
metastasis.
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ATF3 activates FGF2 transcription in PTX-treated cancer cells
To elucidate why FGF2 is upregulated in PTX- but not Nab-PTX-treated
cancer cells, we sought transcription factors that could drive FGF2
expression. Using RNA-seq data combined with the GeneCard data-
base, we identified two candidate regulators: ATF3 and SCRT1 (Fig. 6a).
Correlationanalysis revealed thatATF3 expressionwasmorepositively

associated with FGF2 than SCRT1 in breast cancer (Fig. 6b and Sup-
plementary Fig. 22a), and elevated ATF3 levels correlated with poor
patient prognosis (Supplementary Fig. 22b). Consistently, PTX but not
Nab-PTX significantly increased Atf3 expression in cancer cells
(Fig. 6c). Overexpression of Atf3 in Py8119 cells was sufficient to
markedly elevate Fgf2 levels compared to controls (Fig. 6d, e).

Fig. 3 | Trem2 knockout inhibits PTX-promoted lung metastasis in breast
cancer inmice. a Schematic of the experimental design.Trem2+/+ andTrem2−/−mice
were orthotopically injected with Py8119 cells and treated with DMSO or PTX,
respectively. Created in BioRender. Xing, Y. (2026) https://BioRender.com/
nsp747p b Photographs of representative tumors from mice that received the
indicated treatments on day 14. c Tumor growth curves (left) and tumor weights
(right) of Py8119 tumors inmice that received the indicated treatments (n = 6 mice
per group). d Representative bright-field images (left) of lungs from Py8119 cell-
bearing mice that received the indicated treatments. Quantification of the total
number of lung-surface metastases is shown (right) (n = 6 mice per group).
e Representative H&E-stained images of lungs from mice. f Representative flow
cytometric analysis of histograms showing the proportion of TREM2-expressing
macrophages in tumors. g Quantification of flow cytometric analysis showing the
proportion of TREM2-expressing macrophages in tumors (n = 3 mice per group).

h Representative flow cytometric analysis of pseudo-color plots showing the pro-
portion of TREM2-expressing macrophages in the PB of mice (n = 3 mice per
group). i Schematic of the experimental design. Trem2-/- mice were co-injected
orthotopically with Py8119 cells and BMDMs. Created in BioRender. Xing, Y. (2026)
https://BioRender.com/nsp747p j Photographs of representative tumors from
Trem2-/- mice that received the indicated treatments on day 17. k Tumor growth
curves (left) and tumorweights (right) of Py8119 tumors inTrem2-/- mice (n = 6mice
per group). l Representative bright-field images (left) of lungs from Trem2-/- mice
that received the indicated inoculations. Quantification of the total number of lung-
surface metastases is shown (right) (n = 6 mice per group). Data are shown as
means ± S.D. and were analyzed by two-sided unpaired Student’s t test (g), two-
sided one-way ANOVA followed by Tukey’s test (c, d, k and l) and two-sided two-
wayANOVA followedbyTukey’s test (c andk). Sourcedata are providedasa Source
Data file.
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Todeterminewhether ATF3 directly regulates FGF2 transcription,
we performed luciferase reporter assays using a vector containing the
FGF2 promoter, which confirmed that ATF3 activates transcription at
the FGF2 locus (Fig. 6f). Chromatin immunoprecipitation followed by
quantitative PCR (ChIP-qPCR) further demonstrated ATF3 occupancy
at the Fgf2 promoter in Py8119 cells (Fig. 6g). These results indicate
that PTX upregulates FGF2 by inducing its transcriptional factor ATF3.

Given that PTX but not Nab-PTX increases ATF3 mRNA, we
hypothesized that differential chromatin accessibility might underlie
this effect. ATAC-seq analysis revealed that PTX broadly enhanced
chromatin accessibility acrossmultiple genes, including NFKB1,MAPK,
ATF3, and IGF1R, compared to Nab-PTX (Supplementary Fig. 22c).
Specifically, accessibility at the ATF3 locus was increased in PTX-
treated Py8119 cells, whereas Nab-PTX-treated cells showed no change
(Fig. 6h and Supplementary Fig. 22d). Together, these data suggest
that PTX, but not Nab-PTX, promotes ATF3 expression by enhancing
chromatin accessibility, which in turn drives FGF2 transcription and
secretion.

FGF2 promotes TREM2 expression by upregulating EGR1 in
macrophages
To elucidate how FGF2 regulates TREM2 expression in macrophages,
we first investigated candidate transcription factors using the Gene-
Cards and EDCODE databases, identifying EGR1 as a prime candidate
(Fig. 7a). Previous studies indicate that FGF2 induces EGR1 via ERK1/2
phosphorylation53. Consistently, western blot and qPCR analyses
demonstrated that FGF2 stimulated ERK1/2 phosphorylation, upregu-
lated downstream EGR1, and consequently increased TREM2 expres-
sion in macrophages (Fig. 7b). Nab-PTX CM, in contrast, did not
activate ERK1/2 signaling (Fig. 7c). ATAC-seq of BMDMs exposed toCM
from PTX- or Nab-PTX-treated cancer cells revealed no changes in
chromatin accessibility at the Egr1 locus (Supplementary Fig. 23a and
b), indicating that EGR1 induction occurs primarily through post-
translational ERK activation rather than chromatin remodeling. Fur-
thermore, treatment with the FGFR inhibitor IGR significantly reduced
EGR1 levels in both Raw264.7 cells and BMDMs (Supplementary
Fig. 23c), supporting the involvement of FGF2 signaling.

Fig. 4 | Targeted Trem2 inhibition suppresses PTX-induced lung metastasis
in mice. a Schematic of ASO treatment in Py8119 breast-tumor-bearing mice. Mice
were intraperitoneally injected with DMSO or PTX and intratumorally injected with
inactive ASOs or Trem2 ASOs at the indicated times. Created in BioRender. Xing, Y.
(2026) https://BioRender.com/nsp747p b Photographs (left) and tumor weights
(right) of representative tumors in mice that received the indicated treatments on
day 14. cTumor growth curves ofmice that received the indicated treatments (n = 6
mice per group). d Representative bright-field images of lungs from mice that

received the indicated treatments. e Representative H&E-stained images (left) of
lungs frommice that received the indicated treatments. Quantification of the total
number of lung-surface metastases is shown (right) (n = 6 mice per group).
f Survival curves of Py8119 breast tumor-bearing mice that received the indicated
treatments (n = 6 mice per group). Data are shown as means ± S.D. and were ana-
lyzed by two-sided one-way ANOVA followed by Tukey’s test (b and e), two-way
ANOVA followed by Tukey’s test (c) and log-rank test (f). Source data are provided
as a Source Data file.
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We next confirmed that EGR1 directly regulates TREM2 tran-
scription. Overexpression of Egr1 in Raw264.7 cells robustly induced
Trem2 expression (Fig. 7d, e), while luciferase reporter assays
demonstrated that EGR1 activates transcription from the TREM2 pro-
moter (Fig. 7f). ChIP-qPCR further confirmed EGR1 occupancy at the

Trem2 promoter in Raw264.7 cells (Fig. 7g). Notably, high EGR1
expression correlates with poor prognosis in patients with breast
cancer (Supplementary Fig. 23d). Together, these results indicate that
FGF2 secreted by PTX-treated cancer cells activates the ERK pathway,
elevates EGR1, and drives TREM2 transcription in macrophages.
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TREM2-driven secretion of EMT-related cytokines promotes
breast cancer metastasis
To investigate whether TREM2+ macrophages induced by PTX-treated
cancer cells promote tumor cell migration and invasion, we performed
Transwell assays. Macrophages were preconditioned with CM from
PTX-treated cancer cells, and the resulting macrophage CM was
applied to breast cancer cells in the upper chamber for 24h (Fig. 7h).
CM from macrophages preconditioned with PTX-treated cancer cell
CM significantly enhanced cancer cellmigration and invasion, whereas
CM from Nab-PTX-treated cells had no effect (Fig. 7i and Supplemen-
tary Fig. 24a–g). Similarly, Trem2-/- BMDMs failed to enhancemigration
or invasion, regardless of conditioning with PTX- or Nab-PTX-treated

CM (Supplementary Fig. 24h–j). Control experiments confirmed that
PTX alone did not directly stimulate cancer cell migration or invasion
(Supplementary Figs. 25a–e). Collectively, these findings indicate that
the pro-migratory and pro-invasive effects are mediated by TREM2+

macrophages rather than direct effects of PTX on tumor cells.
To identify the paracrine factors secreted by TREM2+ macro-

phages that facilitatemetastasis, weperformed a cytokine array onCM
from Trem2+/+ and Trem2−/− BMDMs. Serpin E1, HGF, CCL3, and CXCL2
were significantly elevated in Trem2+/+ BMDM CM relative to Trem2−/−

CM (Fig. 7j), with corresponding increases in mRNA levels (Supple-
mentary Fig. 26a). Direct PTX treatment of macrophages only mod-
estly increased Serpin E1 expression and did not significantly affect the

Fig. 5 | PTX treatment increases TREM2 expression in macrophages via FGF2
secretion from cancer cells. a Schematic of the experimental setup with THP1 or
Raw264.7 cells with indicated treatment. Created in BioRender. Xing, Y. (2026)
https://BioRender.com/nsp747p b Quantification of proportion of TREM2 in THP1
and Raw264.7 cells with PTX. n = 3 biological independent samples. cWestern blot
of THP1 and Raw264.7 cells with indicated treatments. The experiment was inde-
pendently repeated three times with similar results. d Schematic of the experi-
mental strategy. CM was collected from tumor cells with the indicated treatment.
TREM2 expression inmacrophages incubatedwith theCMwas assessed. Created in
BioRender. Xing, Y. (2026) https://BioRender.com/nsp747p e Quantification of
proportion of TREM2 in THP1 incubated with CM of BT549 cells, SUM159 cells and
MDA-MB-231 cells treatedwith PTX, in BMDM incubated with CM of Py8119 treated
with PTX, in Raw264.7 incubated with CM from 4T1 and Py8119 cells treated with
PTX, respectively. n = 3 biological independent samples. f Western blot analysis of
TREM2 and related proteins in THP1, BMDMs, and Raw264.7 cells incubated with
CM from BT549, SUM159, Py8119, and 4T1 cells, respectively. The experiment was
independently repeated three times with similar results. g Representative immu-
nofluorescence staining of THP1 cells incubated with BT549 CM. n = 3 biological
independent samples. h Quantification of proportion of TREM2 in THP1 incubated
with CM from BT549, SUM159, and MDA-MB-231 cells treated with Nab-PTX,
respectively. n = 3 biological independent samples. i Quantification of the

proportion of TREM2 in BMDM incubatedwith CMof Py8119 treatedwith Nab-PTX.
n = 3 biological independent samples. j Cytokine array analysis of CM from BT549
cells treated indicated treatment. kWestern blot analysis of the indicated proteins
in Raw264.7 cells and BMDMs treatedwith recombinant FGF2. The experiment was
independently repeated three times with similar results. l Quantification of the
proportion of TREM2 in Raw264.7 cells and BMDMs treated with recombinant
FGF2. n = 3 biological independent samples. m Schematic of the experimental
strategy. CMwas collected from tumor cells with the indicated treatment, and then
pretreatment using an FGF2 neutralizing antibody. TREM2 expression in macro-
phages incubated with the CMwas assessed. Created in BioRender. Xing, Y. (2026)
https://BioRender.com/nsp747p n Western blot analysis of the indicated proteins
in Raw264.7 and BMDMs incubated with the indicated CM. The experiment was
independently repeated three times with similar results. o Quantification of the
proportion of TREM2 in Raw264.7 and BMDMs incubated with the indicated CM.
n = 3 biological independent samples. p Representative multiplex immuno-
fluorescence stainingofCD68, TREM2 and FGF2 in tumors treatedwith PTXorNab-
PTX (n = 3 mice per group). The experiment was independently repeated three
times with similar results. Data are shown as means ± S.D. and were analyzed by
two-sided unpaired Student’s t test (b, e, h and i) and two-sided one-way ANOVA
followed by Tukey’s test (l and o). Source data are provided as a Source Data file.

Fig. 6 | PTX promotes chromatin accessibility of ATF3 to activate FGF2 tran-
scription in cancer cells. aOverlapof RNA-seq (n = 3) and PROMOpublic database
analyses to predict transcription factors regulating TREM2 expression.
b Correlations between FGF2 and ATF3 expression in breast cancer using TCGA
databases. c qPCR analysis of Atf3 expression in the indicated cells. n = 4 (DMSO
and PTX) or 3 (PBS and Nab-PTX) biological independent samples. d Western blot
analysis of the indicated proteins in Py8119 cells transfected with ATF3-expressing
or control vectors. The experiment was independently repeated three times with
similar results. e qPCR analysis of Fgf2 expression in Py8119 cells transfected with

Atf3-expressing or control vectors. n = 3 biological independent samples.
f Luciferase activity in HEK293T cells transfected with the indicated reporters and
Atf3-expressing or control vectors. n = 3 biological independent samples.
g Abundance of Atf3 bound to the Trem2 promoter in Py8119 cells, as assessed by
ChIP-qPCR. n = 3 biological independent samples. h ATAC-seq tracks showing the
chromatin accessibility in the ATF3 loci for BT549 cells treated by PTX or Nab-PTX.
n = 2 samples per group. Data are shown asmeans ± S.D. and were analyzed by two-
sided unpaired Student’s t test (c, e and f) and two-sided two-way ANOVA followed
by Šídák’s test (g). Source data are provided as a Source Data file.
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other genes (Supplementary Fig. 26b). In contrast, macrophages
incubated with CM from PTX-treated cancer cells exhibited a robust
( ~ 7-fold) increase in Serpin E1 compared to control (Supplementary
Fig. 26c), indicating that induction of these cytokines is primarily
TREM2-dependent. Recombinant Serpin E1, HGF, CCL3, and CXCL2
enhanced Py8119 cell migration and invasion (Fig. 7k and

Supplementary Fig. 26d), while neutralization of Serpin E1 in Trem2+/+

CM significantly impaired these effects (Fig. 7l and Supplementary
Fig. 26e), confirming that Serpin E1 is essential for TREM2-driven pro-
metastatic activity.

Immunofluorescence co-staining of primary tumor sections
demonstrated that Serpin E1 expression was markedly upregulated in
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PTX-treated tumor-bearing mice, but not in Nab-PTX-treated mice
(Supplementary Figs. 27a, b). Co-treatmentwith the FGFR inhibitor IGR
significantly reduced Serpin E1 levels in tumor-associated macro-
phages relative to PTX alone (Supplementary Figs. 27c, d), confirming
FGF2-dependent induction. Functional validation using an orthotopic
Py8119 breast cancer model revealed that combining PTX with the
Serpin E1 inhibitor PAI-039 markedly suppressed lung metastasis
compared to PTX alone (Supplementary Figs. S28a–c). Furthermore,
co-injection of Py8119 cells with Trem2−/− BMDMs overexpressing Ser-
pin E1 (Trem2-/- Serpin E1OE) into Trem2−/− significantly enhanced tumor
growth and lung metastasis relative to Trem2−/− BMDMs alone (Sup-
plementary Figs. 28d–h), underscoring the requirement of Serpin E1
for PTX-induced metastasis.

Notably, Serpin E1, HGF, CCL3, and CXCL2 have previously been
implicated in activating the epithelial-mesenchymal transition (EMT)
program54–57. To determine their effect on EMT in breast cancer cells,
we measured canonical EMT markers, observing downregulation of
E-cadherin and upregulation of Vimentin by western blot (Fig. 7m).
Multiplex immunofluorescence of clinical samples confirmed
decreased E-cadherin and increased Vimentin expression in PTX-
treated tumors, coinciding with expanded TREM2+ macrophages,
whereas Nab-PTX-treated samples showed no such changes (Supple-
mentary Figs. 29a and b). Collectively, these findings indicate that PTX-
induced TREM2+ macrophages promote tumor cell migration and
invasion by secreting EMT-stimulating cytokines (Fig. 7n).

Discussion
Our study demonstrates that the clinical efficacy of PTX in breast
cancer is inferior to that of Nab-PTX, potentially due to their distinct
effects on the tumor immune microenvironment. Previous work has
attributed the superior efficacy of Nab-PTX to enhanced tumor pene-
tration and retention via receptor-mediated transcytosis58–60, as well as
to the avoidance of corticosteroid premedication, which is required
for PTX and can dampen antitumor immune responses, thereby con-
tributing to lower pCR rates61–63. We observed that PTX, but not Nab-
PTX, increases TREM2+ macrophage infiltration in primary tumors.
Given that TREM2+ macrophages promote breast cancer metastasis,
this finding provides a potential explanation for the inferior antitumor
efficacy of PTX (Fig. 8).

Previous studies in murine mammary tumor models reported that
PTX promotes metastasis through perivascular TIE2+ macrophages10,11,13,
and by upregulating VEGFR1 on endothelial cells12 and increasing the
vasculature properties14, stimulating angiogenesis. These studies
revealed a pro-metastatic mechanism of PTX through angiogenesis,

whereas our findings uncover a distinct mechanism, with PTX promot-
ing lung metastasis by acting on host TREM2+ macrophages and mod-
ulating multiple cytokines within the TIME. Notably, the Macro_IL1B
population was expanded in pre-PTX but was nearly absent in pre-Nab-
PTX samples. Intriguingly, genetic or pharmacologic blockade of IL-1B
signaling has been reported to accelerate metastasis64, suggesting that
the Macro_IL1B subset may exert a net protective effect. However, the
precise role of IL-1B remains ambiguous, and further preclinical studies
are warranted.

Mechanistically, PTX does not directly enhance tumor cell
metastasis. Instead, it induces tumor cells to secrete FGF2, which
upregulates TREM2 in macrophages and stimulates the secretion of
EMT-promoting cytokines, thereby facilitating tumor cell EMT and
metastasis. However, Nab-PTX does not elicit these effects. Specifi-
cally, PTX increases chromatin accessibility at the ATF3 locus in tumor
cells, leading to elevated ATF3 and its downstream target FGF2. Con-
sequently, macrophages exposed to FGF2 upregulate EGR1 and
TREM2. These results reveal how PTX drives infiltration of TREM2+

macrophages. In contrast, Nab-PTX reshapes myeloid cell infiltration
toward pro-inflammatory macrophages and mast cells8, highlighting a
mechanistic basis for its superior efficacy.

TREM2 is predominantly expressed on tumor-associated macro-
phages (TAMs) and myeloid-derived suppressor cells (MDSCs)65, and
its inhibition has been shown to enhance checkpoint immunotherapy
efficacy across multiple cancers, including sarcoma, colorectal, and
breast cancers15. TREM2+ cells accumulate at the invasive margins of
lung metastases in both humans and mice19, supporting their role in
establishing a pro-metastatic niche. Here, we demonstrate that PTX-
induced TREM2+ macrophages stimulate EMT in breast cancer,
revealing a pro-metastatic function and providing a mechanistic
explanation for the inferior efficacy of PTX relative to Nab-PTX. Fur-
thermore, TREM2+ macrophages increased not only in primary tumors
but also in peripheral blood, suggesting systemic circulation rather
than confinement to the tumor site. Given that TREM2 deficiency
promotes macrophage apoptosis66 and that depletion of immuno-
suppressive macrophages suppresses tumor growth and metastasis67,
further studies are needed to clarify whether reduced lung metastasis
in Trem2-/- mice results frommacrophage depletion or specific TREM2
signaling disruption.

Previous studies indicate that TREM2 depletion or blockade
enhances T cell responses and improves checkpoint immunotherapy
outcomes15. We previously reported that PTX impairs infiltration of
CXCL13-expressing T cells, compromising combination checkpoint
immunotherapy inbreast cancer8,20. Here, we show that PTX stimulates

Fig. 7 | The FGF2-EGR1-TREM2 axis inmacrophages enhances secretion of EMT-
related cytokines, thereby promoting breast cancer metastasis. a Overlap of
GeneCards and EDCODE public databases analyses to predict transcription factors
that regulate TREM2. b Western blot analysis of the indicated proteins in BMDMs
and Raw264.7 cells incubated with FGF2 (left) and with CM from Py8119 cells
treated with PTX (right). The experiment was independently repeated three times
with similar results. c Western blot analysis of the indicated proteins in Raw264.7
cells incubated with the indicated treatment. The experiment was independently
repeated three times with similar results. d qPCR analysis of Trem2 expression in
BMDMs transfected with Egr1-expressing vectors. n = 3 biological independent
samples. eWestern blot analysis of TREM2 expression in BMDMs transfected with
Egr1-expressing vectors. The experiment was independently repeated three times
with similar results. f Luciferase activity of HEK293T cells transfected with the
indicated reporters and EGR1-expressing or control vectors. n = 3 biological inde-
pendent samples. g Abundance of EGR1 bound to the TREM2 promoter in BMDMs
assessed by ChIP-qPCR. n = 3 biological independent samples. h Schematic of the
Transwell assay. The first CM was collected from tumor cells with indicated treat-
ment, and the second CMwas collected frommacrophages incubatedwith the first
CM. The migration and invasion capabilities of macrophages incubated with the
first CM were assessed. Created in BioRender. Xing, Y. (2026) https://BioRender.

com/nsp747p iQuantification of migration and invasion of Py8119 cells induced by
BMDM CM incubated with CM from Py8119 cells treated with PTX, and BT549,
SUM159, and MDA-MB-231 cells induced by THP1 CM incubated with CM from
BT549, SUM159, and MDA-MB-231 cells treated with PTX (left) or Nab-PTX (right),
respectively. n = 5 biological independent samples. j Cytokine array analysis of CM
fromBMDMswith or without TREM2.kQuantification ofmigration and invasion of
Py8119 cells incubated with indicated proteins. n = 3 biological independent sam-
ples. lQuantification ofmigration and invasion of Py8119 cells induced by CM from
BMDMs (Trem2+/+) with CDE-096. n = 3 biological independent samples.mWestern
blot analysis of EMT- stimulating proteins in BMDMs incubated with indicated
proteins. The experiment was independently repeated three times with similar
results. n Schematic illustration showing that FGF2 promotes ERK1/2 phosphor-
ylation to upregulate EGR1, which increases TREM2 expression in macrophages.
Upregulated TREM2 enhances the secretion of Serpin E1, HGF, CCL3, and CXCL2
frommacrophages to tumor cells, facilitating tumormetastasis via EMT. Created in
BioRender. Xing, Y. (2026) https://BioRender.com/nsp747p. Data are shown as
means ± S.D. andwere analyzed by two-sided unpaired Student’s t test (d, f, i and l),
two-sided one-way ANOVA followed by Tukey’s test (k) and two-sided two-way
ANOVA followed by Šídák’s test (g). Source data are provided as a Source Data file.
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TREM2+ macrophage expansion, contributing to its inferior mono-
therapy efficacy. scRNA-seq analysis of our previously published
dataset8 further suggests that PTX-induced TREM2-overexpressing
macrophages exert immunosuppressive effects on multiple immune
populations, including T cells, B cells, mast cells, DCs, neutrophils, NK
cells, and plasma cells (Supplementary Fig. 30). Thus, PTX-driven
TREM2+ macrophage expansion likely impacts both chemotherapy
and immunotherapy responses, supporting TREM2 as a potential
therapeutic target to enhance clinical outcomes.

While our study focused on lung metastasis, breast cancer also
disseminates to the liver, bone, and brain, and PTX is widely used in
other malignancies such as lung cancer, melanoma, and esophageal
cancer. Whether PTX promotes metastasis to these organs or in other
tumor types warrants further investigation. Trem2−/− BMDMs fail to
promote migration and invasion of Py8119 cells (Supplementary
Figs. 17j, k), and PTX-induced lung metastasis is greatly reduced in
Trem2−/− mice (Fig. 3a–h) or upon ASO-mediated TREM2 knockdown
(Fig. 4), highlighting TREM2 as a critical mediator of PTX-driven
metastasis. Collectively, these findings suggest that TREM2 blockade
couldenhance the efficacyofPTXand its combinationwith checkpoint
immunotherapy15.

In addition, several limitations should be considered. First,
although our data suggest that the inferior efficacy of PTX is linked to

the expansion of TREM2+ macrophages, validation in larger patient
cohorts is needed. Multivariable analyses stratified by tumor subtype,
incorporating key covariates such as tumor size, grade, number of
positive lymph nodes, patient age, and body mass index, are essential
to fully assess the impact of PTX on TREM2+ macrophage infiltration.
Second, while we identified PTX-treated cancer cells as a major source
of FGF2, contributions from other tumor microenvironment compo-
nents, such as cancer-associated fibroblasts, cannot be excluded.
Third, in addition to FGF2, our cytokine array revealed that PTX-
treated tumor cells secrete other factors, including GDF15, which may
also modulate TREM2 expression in macrophages. Notably, tumor-
derived GDF15 has been reported to promote tumor progression by
regulating macrophage activity via the NF-κB pathway68. The func-
tional role of these alternative cytokines warrants further investiga-
tion. Finally, although Trem2 ASO therapy demonstrated efficacy in
preclinical models, its translational potential requires additional eva-
luation, including optimization of combination regimens and identi-
fication of patient populations most likely to benefit.

In conclusion, our study clarifies the distinct mechanisms under-
lying the differential efficacy of PTX and Nab-PTX in breast cancer.
PTX, unlike Nab-PTX, promotes lung metastasis by upregulating
TREM2 and expanding TREM2+ macrophages, which underlies its
inferior therapeutic efficacy relative to Nab-PTX.

Fig. 8 | Graphic summary of this research. PTX, but not Nab-PTX, promotes lung
metastasis by inducing TREM2+ macrophage recruitment. Mechanistically, PTX
enhances the ATF3-FGF2 axis in breast cancer cells; secreted FGF2 activates the

EGR1–TREM2–EMT cytokine axis in macrophages. Created in BioRender. Xing, Y.
(2026) https://BioRender.com/6hxlbow.
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These results indicate that integrating PTX with TREM2-targeted
therapy could enhance the clinical outcomes of PTX while limiting
metastasis.

Methods
Ethical approval
This study complied with relevant ethical regulations, and all clinical
samples were coded to maintain patient confidentiality and studies
were approved by Tianjin Medical University Cancer Institute & Hos-
pital Ethics Committee (Ethics approval number: bc20241748) and
Peking University Biomedical Ethics Committee (Ethics approval
number: PUIRB-YS2025237), in accordance with the declaration of
Helsinki. All animal experiments were approved by the Peking Uni-
versity Biomedical Ethics Committee (Ethics approval number:
DLASBD0408).

Patient samples
A total of formalin fixed and paraffin embedded tumor tissues from
patients after treatmentwith indicated chemotherapy (Supplementary
Tables 5 and 6), and tumor tissues from patients with/without lung
metastasis (Supplementary Tables 7 and 8) were selected retro-
spectively by database extraction from the archives of Tianjin Medical
University Cancer Institute & Hospital and Peking University Third
Hospital (sex self-reported, as female is a high-risk group for breast
cancer). Clinical and pathological characteristics of the patient tumors
are presented in Supplementary Tables 5–8. All tumor tissue samples
were obtained in compliance with the informed consent policy. We
have obtained consent from the patients to publish clinical informa-
tion. No participant remuneration was applicable. All clinical samples
were coded to maintain patient confidentiality and studies were
approved by Tianjin Medical University Cancer Institute & Hospital
Ethics Committee (approval bc20241748) and Peking University Bio-
medical Ethics Committee (approval PUIRB-YS2025237), in accor-
dance with the declaration of Helsinki.

Mice
Wild type C57BL/6 and BALB/C mice (Female, 6–8 weeks old) were
purchased from the Laboratory Animal Center of Peking University
Health Science Center. The MMTV-PyMT (FVB/N) strain was originally
obtained from Z. Yu’s laboratory and was backcrossed for seven gen-
erations to theC57BL/6 background.Trem2-KOmice (Cat. NO.NM-KO-
190402) were purchased from Shanghai Model Organisms Center
Inc (SMOC).

The female knockout C57BL/6 J mice for Trem2 were generated
using CRISPR-Cas9–based targeting and nonhomologous end joining.
In founder lines, genotyping on genomic DNA from mouse tails was
verified bymultiplex polymerase chain reaction (PCR) to obtain Trem2−/−

mice, which were further intercrossed to yield healthy offspring.
Mice were housed in a pathogen-free animal facility at Laboratory

Animal Center of Peking University Health Science Center with a 12 h
light/dark cycle, constant temperature and humidity, and fed standard
rodent chow and water ad libitum. All animal experiments were
approved by the Peking University Biomedical Ethics Committee, and
the approval number is DLASBD0408. None of the animals used in
these experiments exceeded ethical requirements. The maximum
permitted tumor volumewas 2,000mm³. Thebodyweight of themice
was maintained at 80% or above of their initial weight. Genomic DNA
extracted from mouse tail biopsies was subjected to standard geno-
typing PCR using the primers specified in Supplementary Table 12. The
reaction conditions were: 5min at 94 °C; 35 cycles of 30 s at 94 °C, 30 s
at 60 °C and 1min at 72 °C, followed by 5min at 72 °C and hold at 4 °C.

Cell lines
Human embryonic kidney cell line HEK293T (ATCC, CRL-3216), human
breast cancer cell line SUM159 (CLS Cell Lines service, 305116), mouse

melanoma cell lines B16-F10 (ATCC, CRL-6475) and mouse macro-
phage cell line Raw264.7 (ATCC, TIB-71) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM). Human breast cancer cell line BT549
(ATCC, HTB-122), Mouse breast cancer cell line 4T1-Luc (ATCC, CRL-
2539-LUC2) and human macrophage cell lines THP1 (ATCC, TIB-202)
were cultured in RPMI-1640 medium. Human breast cancer cell line
MDA-MB-231(ATCC, CRM-HTB-26) was cultured in L15medium.Mouse
breast cancer cell line Py8119 (ATCC, CRL-3278) was cultured in Ham’s
F12K medium. All medium were supplemented with 10% FBS (Invitro-
gen), 1% penicillin-streptomycin. All cell lines were maintained at 37 °C
with 5% CO2 in a humidified atmosphere and passaged using 0.25%
trypsin/0.02% EDTA for dissociation at 80% confluence. For transient
transfection, 50%–60% confluent cells were transfected with plasmids
or ASO using polyethylenimine (PEI, Polyscience, #24765), Lipo2000
(Invitrogen, #11668030) or transfection reagent (Zeta Life,
#AD600150) according to the manufacture’s protocol. The FGF2
protein (HY-P73052AF) was purchased from MedChemExpress and
used with indicated concentration. The Serpin E1 protein (HY-P71133),
HGF protein (HY-P71133), CCL3 protein (HY-P7768AF) and CXCL2
protein (HY-P7258) were purchased from MedChemExpress and
used at a concentration of 10 ng/mL. The CDE-096 (HY-120516) was
purchased from MedChemExpress and used at a concentration of
10μg/mL. The neutralizing FGF2 antibody (05117) was purchased from
Millipore and used at a concentration of 10μg/mL. The FGF2 inhibitor
(IGR, HY-13311) was purchased from MedChemExpress and used at a
concentration of 5 μg/mL.

Meta-analysis
Search Strategy. The meta-analysis adhered to the PRISMA (Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses)
guidelines69. Two researchers (RZ and MX) independently con-
ducted a systematic search across three major databases: PubMed,
Embase, and the Cochrane Library. The keywords utilized and a
detailed description of the search process are provided in Supple-
mentary Table 1. The search was completed on December 17th,
2024, and was restricted to English-language publications. The
inclusion criteria for the studies were as follows: (1) patients with a
histologically and cytologically confirmed diagnosis of breast can-
cer, (2) an experimental intervention group receiving a treatment
regimen that included Nab-PTX, and (3) a control group receiving a
treatment regimen that included PTX. In addition, to ensure com-
parability, the experimental and control groups within each study
were required to have identical treatment protocols, differing only
in the type of taxanes administered.

Data extraction. In each trial included in this study, we systematically
gathered essential information encompassing the first author, year of
publication, region, the type of study, registration ID, and the total
number of enrolled patients. In addition, we extracted detailed ther-
apeutic regimens and pertinent data of specific outcomes, notably the
objective response rate (ORR) and the pathologic complete response
(pCR) for the intention-to-treat (ITT) population. ORR refers to the
proportion of the complete and partial responses. The pCR rate refers
to the proportion of cases without invasive carcinoma in both breast
tissue and the axillary lymph nodes after taxane-containing neoadju-
vant therapy. To ensure the utmostprecision and reliability of the data,
two independent researchers (RZ and MX) carried out the extraction
process and subsequently cross-verified the information using a pre-
defined table. Any discrepancies that arose during this process were
diligently resolved through consensus, facilitated by the involvement
of a third researcher (HM).

Bias assessment. Two researchers (RZ and MX) independently
assessed the bias risk of RCTs using the risk of bias (RoB2) tool, and a
third researcher (HM) was consulted when a disagreement arose
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between the two researchers.We also used theNewcastle-Ottawa scale
(NOS) to assess the bias risk of cohort and retrospective studies70.

Statistical analysis. Statistical analysis was implemented using R,
version 4.1.3 (http://www.r-project.org/). The pooled analysis results
for ORR and pCR were presented as odds ratios (OR) with 95% con-
fidence intervals. were reported in terms of odds ratios (OR) with their
corresponding 95% confidence intervals. Heterogeneity across studies
was assessed using the I2 test, where P < 0.1 or I2 > 50% indicated a
significant heterogeneity, while P >0.1 or I2 < 50% suggested no con-
siderable heterogeneity. To ensure the robustness of our findings, a
random-effectsmodelwas applied to all studies. Further,weemployed
meta-regression (Supplementary Table 4) and subgroup analyses to
explore the sources of heterogeneity in our meta-analysis.

Single-cell RNA sequencing
Human published data from our previous study can be accessed from
the Gene Expression Omnibus (GEO) under the accession number
GSE266919. Mice scRNA-seq libraries were performed with the Chro-
mium Single Cell 3’ Reagent Kits v3 (10× Genomics) according to the
manufacturer’s instructions. Briefly, approximately 1 × 105 cells per
FACS-sorted cell were washed with 0.04% bovine serum albumin
Dulbecco’s PBS three times and were resuscitated to a concentration
of 700 to 1200 cells/μL (viability, ≥ 85%). Cells were captured in dro-
plets at a targeted cell recoveryof cells. After the reverse transcription,
emulsions were broken, and barcoded cDNA was purified with Gel
Beads, followed by PCR amplification. The sequencing libraries were
then constructed using amplified cDNA. The raw scRNA-seq data are
available under accession code GSE285329. Before bioinformatic
analysis, cells were filtered with unique molecular identifier counts
below 30,000 and gene counts between 200 and 5000 to remove low-
quality cells, and then filtered out the cell content of more than 10%
mitochondrial genes of the total expressed genes. Then, the dimen-
sionality reduction and clustering analysis was performed using Seurat
v2.3. Normalize Data and ScaleData functions are used to normalize
and scale all gene expression, and with the FindVariableFeatures
function, the 3000 highly variable genes genes were identified for
principal components analysis. The genes were divided into multiple
groups with FindClusters. The identified clusters were then visualized
in two-dimensional space produced with Uniform Manifold Approx-
imation and Projection visualization.

Xenografts in mice
The 4T1-Luc tumor-bearing mouse model was established by ortho-
topically implanting 6 × 105 4T1-Luc cancer cells in 100μL of PBS into
the right second mammary fat pads of the BALB/C mice. For biolu-
minescence imaging, a solution of luciferase substrate D-luciferin
(150mg/kg) was intraperitoneally injected into the mice, followed by
imaging using the In vivo imaging system (IVIS) (PerkinElmer).

About 8 × 105 Py8119 cells were orthotopically injected in the right
mammary fat pads of C57BL/6 mice to build a Py8119 tumor-bearing
mouse model. Mice were implanted subcutaneously with 1 × 106 B16-
F10 cancer cells, and injected intravenously with 5 × 105 B16-F10 cancer
cells to establish the tumor-bearing mouse models. For the co-
implantation mouse model, Py8119 tumor cells and primary BMDMs
were mixed at a ratio of 1: 2 and 1 × 106 total cells were orthotopically
injected into the right secondmammary fat pads of theC57BL/6 Jmice.
The tumor volumes were calculated according to the formula as
Volume= (Length ×Width2)/2. Mice were euthanized after indicated
days. During the survival observation period, mice were euthanized
once the tumor volume exceeded ethical requirements or when the
mice showedparalysis, convulsions, or suchphenomena, with the time
of death recorded accordingly.

The PTX (HY-B0015) was purchased from MedChemExpress and
used at a concentration of 9mg/kg. The Nab-PTX (HY-P99974) was

purchased from MedChemExpress and used at a concentration of
9mg/kg. The FGF2 inhibitor (IGR, HY-13311) was purchased from
MedChemExpress and used at a concentration of 20mg/kg. The Ser-
pin E1 inhibitor (PAI-039, HY-15253) was purchased from MedChem-
Express and used at a concentration of 20mg/kg.

Immunofluorescence staining
After being fixed with 4% paraformaldehyde, cells were blocked with
3% BSA and then incubated with primary antibodies against TREM2
(ab318262, Abcam, 1: 100) overnight at 4 °C, followed by Alexa Fluor
488 (GB25303, Servicebio, 1: 200) incubation. After being depar-
affinized and rehydrated, paraffin sections were repaired in Tris-EDTA
buffer and then followed similar steps. The paraffin sections were
incubated with primary antibodies against TREM2 (ab318262, Abcam,
1: 100) and CD68 (66231-2-Ig, Proteintech, 1: 100) and with secondary
antibodies against Alexa Fluor 488 (GB25303, GB25301, Servicebio, 1:
200) and Alexa Fluor 594 (GB28301, GB28303, Servicebio, 1: 200).
Fluorescent images were acquired using ZEISS AXIOSCAN 7. Image
analysis was performed using the HALO image analysis software
(Indica labs). The specific analytical method using HALO software is as
follows. We first selected representative areas and counted viable
DAPI-positive cells while excluding necrotic areas. We then analyzed
TREM2 expression on CD68-positive macrophages. Antibodies are
listed in the Supplementary Table 13.

Flow cytometry analysis (FACS)
Flow cytometry was used for the analysis of TREM2 expression in
macrophages. Briefly, the indicated macrophages were washed twice
with cold wash-cytometry buffer and were stained with the indicated
antibodies for 30min and kept shielded from light, followed by the
cold wash-cytometry buffer, and washed twice before analysis.

Flow cytometry was performed on tumor tissue samples and blood
samples as previously described. Tumor tissues were collected and
dissociated into homogenates using a Gentle MACS Dissociator
with collagenase type I (1mg/mL, Gibco) and collagenase type III
(1mg/mL, Gibco) for 30min. Single-cell suspensions were washed
with Red Cell Lysis Solution and filtered by nylon mesh filters and
then washed with the cold wash-cytometry buffer. Blood samples
were collected into collection tubes (EDTA-coated), followed by red
blood cells lysis with Red Cell Lysis Solution. The cells were then
resuspendedwith the coldwash-cytometry buffer. After being incubated
with Fc receptor blocker for 10min at 4 °C, the cells were then
incubated with the antibodies (7-AAD (1μL/test), BV605-anti-CD45
(1μL/test), PerCP-Cy5.5-anti-CD45 (1μL/test), FITC-anti-F4/80 (1μL/test),
PE-anti-CD11b (1μL/test), APC-Cy7-anti-CD11b (1μL/test) and APC-anti-
TREM2(5μL/test)) for 30min at 4 °C. The cells were then washed
and resuspended with the cold wash-cytometry buffer before analysis
using a Beckman CytoFLEX (Beckman Colter), and data were analyzed
using FlowJo software (BD Biosciences). Antibodies are listed in the
Supplementary Table 13.

Lung metastasis analysis
Lungs were collected andwashed by PBS, and then fixed in the Bouin’s
fixative. The number of lung metastasis lesions were counted manu-
ally. After being embedded with paraffin, the fixed lung tissues were
also embedded in paraffin blocks, sectioned at 5μm thickness, and
then stained with H&E to assess the structure.

Generation and culture of mouse BMDMs
Mouse macrophages were isolated from the bone marrow of
6–8 weeks old female C57BL/6 mice as previously described. Briefly,
the lower limb was exposed by removing the skin. After collecting the
femur and tibia, bonemarrow cells were flushed with sterile PBS using
a 26G needles. Cell pellets were isolated by centrifuging at 500 × g at
4 °C for 5min and resuspended in PBS. After being filtered through a

Article https://doi.org/10.1038/s41467-026-69060-5

Nature Communications |         (2026) 17:2272 14

http://www.r-project.org/
www.nature.com/naturecommunications


70μm cell strainer and centrifuging, Cells were seeded in 10mL
complete DMEM with macrophage colony-stimulating factor (M-CSF)
for 7-day continuous differentiation. On day 7, BMDM was assessed
and then prepared for both in vitro co-culture and in vivo injection
experiments.

Western blotting
Cells were lysed in RIPA lysis buffer supplemented with the cocktail
inhibitor (Roche) and PhosSTOP (Roche). Samples supplemented with
loading buffer were heated at 100 °C for 9min and separated in SDS-
PAGE, and then transferred to polyvinylidene fluoride (PVDF) mem-
branes using standard techniques. After being blocked with 5% skim
milk for 1 h, membranes were incubated with primary antibodies
(TREM2 (ab305103, ab318262, Abcam, 1: 1000), FGF2 (11234-1-AP,
Proteintech, 1: 800), p-ERK1/2 (4370 T, Cell Signaling Technology, 1:
1000), ERK1/2 (4695 T, Cell Signaling Technology, 1: 1000), EGR1
(22008-1-AP, Proteintech, 1:1000), E-Cadherin (3195 T, Cell Signaling
Technology, 1: 500), Vimentin (5741, Cell Signaling Technology, 1:
500), Actin (sc-58673, Santa Cruz Biotechnology, 1: 2000), Tubulin
(ab7291, Abcam, 1: 2000)) overnight at 4 °C, followed by being incu-
bated with HRP-conjugated secondary antibodies for 1 h at room
temperature. The membranes were visualized with the EZ-ECL Che-
miluminescence Detection Kit for HRP (Biological Industries, # 20-
500-1000) by ChampChemiTM (SageCreation). Antibodies are listed in
the Supplementary Table 13.

RNA extraction and quantitative real-time PCR
Total RNA was isolated from cells using Trizol reagent (Invitrogen)
according to the manufacture’s instruction. RNA was reverse-
transcribed to cDNA using the HiScript II Q RT SuperMix for qPCR
( + gDNA wiper) (Vazyme). qPCR was performed using FastStart
Essential DNA Green Master in a reaction system of 10μL. All PCR
reactions were run at least in triplicate, and the target mRNA expres-
sion was normalized to actin, respectively. All PCR reactions were run
at least in triplicate, and the target mRNA expression was normalized
to actin, respectively. Relative expression of each target gene was
calculated by the 2-ddCt method. All primers are shown in Supple-
mentary Table 12.

Cytokine array
Volumeof indicatedmediumwas analyzedusing the ProteomeProfiler
Mouse XL Cytokine Array Kit (R&D System, ARY028) according to the
manufacturer’s instructions.

Bulk RNA sequencing
The total RNA was isolated from cells using Trizol reagent (Invitrogen)
according to the manufacture’s instruction, followed by being frag-
mented into shorter fragments with buffer. Double-stranded cDNA
was then synthesized using those short fragments.

The resulting cDNA was performed with complex method
according to the manufacture’s protocol. The sequence library was
prepared on an Illumina NovaSeq 6000 platform. Align Reads to the
Reference Genome, we took the GRch38 genome as the reference
genome for this project. Bulk RNA-seq data of BT549 cells, SUM159
cells andMDA-MB-231 cells are available at the GEO (accession number
GSE285485; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE285485).

Multiplex immunofluorescence staining and analysis
Multiple immunofluorescence staining was performed with TissueG-
nostics Multiple IHC Assay Kit (Opal 7 Solid Tumor Immunology kit,
PerkinElmer). After being deparaffinized and rehydrated, the antigen
of paraffin sections repaired in Tris-EDTA buffer with microwave, the
nonspecific antigen was blocked by block buffer. For multiple rounds
of cyclic dyeing, slides were incubated with primary antibody (TREM2

(ab305103, ab318262, Abcam, 1: 100), CD68 (ab303565, Abcam, 1: 100;
66231-2-Ig, Proteintech, 1: 100), FGF2 (11234-1-AP, Proteintech, 1: 100),
E-Cadherin (3195 T, Cell Signaling Technology, 1: 100), Vimentin (5741,
Cell Signaling Technology, 1: 100)) at 4 °C overnight or 37 °C for 2 h,
followed by incubating with secondary antibody at 37 °C for 30min.
After being treated with antigen retrieval buffer, slides were repeated
the above steps for multiple staining. The nuclei were stained with
DAPI for 10min, and then photographed using ZEISS AXIOSCAN 7.
Image analysis was performed using the HALO image analysis software
(Indica labs). Antibodies are listed in the Supplementary Table 13.

Luciferase reporter assay
The indicated pGL4.10-promoter plasmid, a pRL-tk Renilla luciferase
reporter plasmid, and a vector encoding the indicated transcription
factor or a control vector were co-transfected into the indicated cells.
The firefly and Renilla luciferase activities were measured with the
Dual-Luciferase Reporter Assay System (Promega). Relative firefly
luciferase activity was normalized to the Renilla luciferase activity.

ChIP-qPCR
A total of 5 × 107 indicated cells were cross-linked with 1% for-
maldehyde for 10min at 4 °C and quenched with 125Mm glycine for
5min. After washing twice with PBS, pelleted cells were suspended in
lysis buffer and incubated for 15min on ice. Cells were centrifugated at
3000 × g for 5min, followed by being resuspended in nuclear lysis
buffer. The lysates were then sonicated for 6min by ultrasonication.
After centrifugation, the supernatants containing chromatin were
diluted 5 timeswith dilutionbuffer and then incubatedwith antibodies
(5μg) overnight at 4°C. The bead-antibody complexes were incubated
with chromatin at 4 °C for 4 h. The beads were then washed twice with
ChIP buffer, high salt buffer and low salt buffer. The bound chromatin
was eluted and reverse-crosslinked at 65 °C overnight. DNA was pur-
ified by the MinElute PCR purification kit. qPCR was then performed
using SYBR Green master mix. ChIP-qPCR primers can be found in
Supplementary Table 12.

ATAC-seq and data analysis
A total of 500,00 cells were harvested and performed according to the
manufacturer instructions (Novoprotein). The sequence library was
prepared on an Illumina HiSeq2500 machine (Novogene). Raw reads
were aligned to the GRch38 and mm10 genome as the reference gen-
ome for this project. The distance between the transcription start site
(TSS) of the peak-related gene and the peakwas calculated. Peaks were
performed using the Integrative Genomics Viewer software. ATAC-seq
data of BT549 cells and BMDMs are available at the GEO (accession
number GSE295918; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE295918).

Transwell migration and invasion assay
Cells subjected to the indicated treatments were resuspended in
serum-free medium and seeded into upper chambers of the Transwell
with 8mmmicropores (Millipore). The bottomchamberwasfilledwith
0.5mL culture medium supplemented with 20% FBS. For the invasion
assay, the upper chambers were prepared with 1 ×MaxGel ECM
(Sigma-Aldrich). After 24 h or 48 h of incubation at 37 °C, the cells
remaining on the top membranes were removed, whereas the cells
adhering to the lower surface were fixed, stained with 0.2% crystal
violet solution and counted under a microscope, and then photo-
graphed using microscopy. Image analysis was performed using the
Image J software (NIH).

Statistics and reproducibility
Statistical results are presented as means ± SD from at least three
independent biological replicates. Student’s t test was used to com-
pare the two difference experimental groups. Kaplan-Meier curves
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were used for survival curves. ANOVA was used for two or more
groups. Correlations between variables were assessed using Spear-
man’s rank correlation. To minimize observer bias, investigators were
blinded to group allocation during experiments and outcome assess-
ment. All statistical analyses were conducted with GraphPad Prism 9.0
(GraphPad software) and SPSS (V26, IBM Crop., Armonk, NY, USA),
with statistical significance set at P < 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Published human data from our previous study8 can be accessed from
GEOunder the accession numberGSE266919. Rawdata for this dataset
is not available but could be provided for scientific research upon
request to Prof. Fei Ma at drmafei@126.com. Code used for all pro-
cessing and analysis is also available upon request. The raw single-cell
RNA sequencing data generated in this study have been deposited in
the GEOdatabase under accession codeGSE285329. The raw bulk RNA
sequencing data generated in this study have been deposited in the
GEO database under accession code GSE285485]. The raw ATAC-seq
data generated in this study have been deposited in the GEO database
under accession code GSE295918. All remaining data supporting the
findings described in this manuscript are available in the article and its
Supplementary Information files and/or from the corresponding
author upon request. Source data are provided inthis paper.
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